Abstract Long-living Ames dwarf mice (df/df) characterized by growth hormone (GH) deficiency are widely used in aging research because of their 40-60 % lifespan extension compared to normal (N) littermates. Importantly, these mice not only live longer but are also protected from age-related diseases including insulin resistance. Several studies demonstrate that df/df mice have enhanced insulin signaling in different insulinsensitive tissues and suggest that this is a mechanism for extended lifespan. However, it is unknown whether the enhanced insulin signaling in df/df mice translates to improved insulin action on hepatic glucose production a n d t i s s u e g l u c o s e u p t a k e . We p e r f o r m e d hyperinsulinemic-euglycemic clamps to assess tissuespecific insulin action in vivo for the first time in these small long-living dwarfs. Our results demonstrate that the glucose infusion rate required to maintain euglycemia was ∼2-fold higher in df/df mice compared to N controls. Insulin-mediated glucose production was completely suppressed in dwarf mice, and stimulation of gastrocnemius and vastus muscle and adipose tissue glucose uptake was also enhanced in df/df mice (100, 86, and 65 %, respectively). These findings show that improved insulin signaling in df/df mice is associated with enhanced tissue-specific insulin action in vivo. This improved functionality of insulin action and glucose homeostasis may play a key role in promoting healthy aging and longer lifespan in df/df mice.
Introduction
Enhanced insulin action and glucose homeostasis seems to be an important factor for maintaining healthy aging (Barbieri et al. 2003; Masternak et al. 2009; Wijsman et al. 2012) . Disrupted insulin and glucose homeostasis is mostly related to increased obesity. However, aging is associated with a high risk for development of metabolic syndrome and insulin resistance which in turn increases the risk of type 2 diabetes, cardiovascular disease, promotes chronic inflammation, and since recently has also been associated with development of cancer (Kintscher et al. 2008; Lago et al. 2007; Weisberg et al. 2003; Willerson and Ridker 2004; Nelson et al. 2004; Pan et al. 2006; Pradhan et al. 2001) . It is well established that alteration in insulin and insulin-like growth factor-1 (IGF-1) signaling extends the lifespan and delay aging in nematodes, flies, and rodents (Tatar et al. 2003) suggesting this signaling pathway as a main factor regulating healthy aging. Importantly, the role of this signaling pathway on aging extends also to humans. It is known that in humans, a decline in glucose tolerance begins in the third decade and continues throughout one's entire adult life (DeFronzo 1981) . Studies with centenarians correlate human longevity with a low degree of insulin resistance (Barbieri et al. 2003) . This suggests that exceptionally long-living people are insulin sensitive throughout their lifespan and are genetically protected from an age-related decline of insulin action. Ames dwarf (Prop1 df , df/df) mice, characterized by growth hormone (GH), prolactin (PRL), and thyroidstimulating hormone (TSH) deficiency live 40-60 % longer than their normal (N) controls (Bartke and Brown-Borg 2004; Bartke et al. 2001; Brown-Borg et al. 1996) . Most importantly, these animals show hypersensitivity to injected insulin, have low fasting insulin and glucose levels, high serum adiponectin, and overall are healthier as they age revealing similar characteristics as the one observed in centenarians (Barbieri et al. 2003; Masternak et al. 2009 Masternak et al. , 2010 . Our study of insulin signaling pathways in different organs and basic glucose and insulin tolerance tests supports our hypothesis that improved insulin signaling strongly correlates with life extension in these animals (Masternak et al. 2004 (Masternak et al. , 2005 (Masternak et al. , 2009 Masternak and Bartke 2007; 2012; Wang et al. 2006) . Beside known mutations, there are established interventions that extend the lifespan in laboratory animals. One of the most powerful intervention used in laboratories is calorie restriction (CR) which extends the longevity and improves insulin sensitivity (Masternak et al. 2009; Bartke and Brown-Borg 2004; Bartke et al. 2001 ). There is not enough evidence that CR would extend the lifespan in humans. However, it is known that the reduction of calorie intake improves glucose homeostasis, insulin sensitivity, and promotes healthy metabolism in humans. On the other hand, pharmacological intervention with rapamycin that suppresses the action of mammalian target of rapamycin gene (mTOR) indicated successful life extension in mice (Harrison et al. 2009; Miller et al. 2011) . Interestingly, it is also shown that this pro-longevity treatment does not improve insulin sensitivity (Miller et al. 2008 ) but may rather promote glucose intolerance and insulin resistance (Blagosklonny 2011) . However, prolonged treatment with rapamycin promotes beneficial adaptations and metabolic switching by increasing insulin sensitivity and also extending longevity (Fang and Bartke 2013) . All of these observations suggest healthy insulin and glucose metabolism as a key factor for longevity, but it is not yet determined if whole-body insulin sensitivity or just tissue-specific action is crucial for healthy aging.
In the present study, we determined whether the improved insulin signaling in df/df mice translates to enhanced tissue-specific insulin action in vivo. We performed hyperinsulinemic-euglycemic clamps combined with tracer methods to assess wholebody and tissue-specific insulin action in vivo for the first time in these long-living small dwarf mice. The hyperinsulinemic-euglycemic clamp is widely considered as the "gold standard" for assessing insulin action in vivo (Tam et al. 2012; Ayala et al. 2011; Berglund et al. 2008; McGuinness et al. 2009 ). During this procedure, insulin is infused at a constant rate to achieve physiological or pharmacological hyperinsulinemia. Euglycemia is achieved by infusing glucose at a variable rate that is determined by frequent measurement of blood glucose and subsequent adjustment of the glucose infusion rate. This allows for the measurement of insulin action independently of changes in circulating glucose. Radioactively-labeled glucose analogs are administered to measure tissue-specific insulin action, including suppression of hepatic glucose production and stimulation of tissue glucose uptake.
Results
We did not observe any differences in insulin sensitivity and glucose regulation between males and females, which corresponds to the lack of sex differences in the lifespan in these animals (Bartke and Brown-Borg 2004; Brown-Borg et al. 1996) . This allowed us to pool together results from males and females. Our initial testing indicated significantly lower fasting insulin levels in df/df mice compared to N controls (P<0.0005; F=5.329; df=14), while fasting glucose levels were not altered between genotypes (P<0.08; F=2.826; df=14) ( Fig. 1) . During a hyperinsulinemic-euglycemic clamp, the rate of glucose infusion required to maintain euglycemia (∼160 mg·dL −1 ) ( Fig. 2a ) was ∼2-fold higher in GH-deficient df/df mice compared to N littermates (Fig. 2b) . The rate of endogenous glucose appearance (endoRa), which is indicative of hepatic glucose production, was not different between df/df and N mice during fasted, baseline conditions. However, endoRa was completely suppressed during the clamp in df/df mice whereas it was only suppressed by ∼60 % in N littermates (Fig. 3 ). This demonstrates that df/df mice display enhanced hepatic insulin sensitivity. In vivo analysis of skeletal muscle tissue indicated greater glucose uptake in the gastrocnemius and superficial vastus lateralis of df/df mice compared to N animals (P<0.021; F=4.588; df=14 and P<0.0415; F=7.850; df=14, respectively) (Fig. 4) . However, there was no difference in soleus muscle and heart glucose uptake when comparing df/df and N mice (P<0.1736; F=5.23; df=14 and P<0.2065; F=1.435; df=14, respectively). Importantly, analysis of visceral adipose tissue also indicated greater glucose uptake in df/df mice compared to N mice (P<0.0114; F=1.911; df=14) (Fig. 4) . Surprisingly, the glucose uptake in the brain was lower in df/df mice compared to N mice (P<0.0001; F=1.403; df= 14) (Fig. 4) .
Discussion
GH-deficient df/df mice are widely used for aging research because of their exceptional longevity (Masternak et al. 2009; Tatar et al. 2003; Bartke and Brown-Borg 2004; Brown-Borg et al. 1996; Masternak et al. 2004 Masternak et al. , 2005 Masternak et al. , 2010 Bartke 2007, 2012; Wang et al. 2006) . At the same time, there is a strong indication that insulin signaling is enhanced in these mice, making them a useful model for studying insulin and glucose metabolism (Masternak et al. 2009; Wang et al. 2006) . Our published data show that replacing GH in these animals reverses their improvements in insulin signaling and shortens their lifespan Panici et al. 2010) . This supports our hypothesis that GH deficiency rather than PRL or TSH
Insulin
Plasma insulin (ng*ml deficiency is the main player regulating the lifespan and metabolic status in df/df mice. As shown in Fig. 1 , these animals have significantly lower fasting insulin levels than N mice yet still are able to maintain normal fasting glucose levels. Our previous observation indicated that during young life and adulthood, there is no difference between glucose levels in df/df and normal control mice. However, as these animals age, the long-living df/df mice maintain lower glucose levels than their N controls (Masternak et al. 2004 (Masternak et al. , 2005 (Masternak et al. , 2009 Panici et al. 2010; Louis et al. 2010; Menon et al. 2014) . Healthy humans also do not show any problems with raising fasting glucose levels, glucose intolerance, or insulin resistance. However, with age at third decade of the life, there is gradual decline in glucose tolerance in normal aging populations with exception for centenarians that maintain high insulin sensitivity through their entire lifespan (Barbieri et al. 2003; DeFronzo 1981) . Our clamp results showed that df/df mice required a ∼2-fold greater glucose infusion rate to maintain the same glycemia as N controls indicating enhanced insulin sensitivity in these long-living animals. Tracer methods revealed that df/df mice display improved hepatic insulin action compared to N controls as demonstrated by a complete suppression of endogenous rates of glucose appearance. These data support our earlier observations showing improved insulin sensitivity at the levels of the insulin receptor (IR) and IR substrate-1 (IRS1) in the liver of df/df mice (Masternak et al. 2004 (Masternak et al. , 2009 Panici et al. 2010; Louis et al. 2010) . Phosphorylation of the IR after acute insulin stimulation was significantly higher in df/df mice, and this effect was attenuated with GH replacement Panici et al. 2010) . This data indicate the important role of liver in regulating insulin sensitivity in df/df mice which may contribute to extended longevity. However, as we previously showed, the responses to injected insulin (Masternak et al. 2009 ) and the efficiency of glucose clearance Menon et al. 2014 ) in these animals probably require multiorgan action. Our present studies also demonstrate enhanced insulinstimulated gastrocnemius and vastus muscle glucose uptake in df/df mice. This may also play an important role in maintaining normal glucose levels in df/df animals characterized by very low levels of circulating insulin as the skeletal muscle represent main organs responsible for glucose clearance. Importantly, in response to insulin stimulation, the df/df adipose tissue also showed increased glucose uptake compared to adipose tissue from N animals. This data supports our previous findings that suggest an important role for adipose tissue in the regulation of whole-body insulin sensitivity by GH. We have shown that surgical removal of visceral fat improves insulin sensitivity in N mice, while the same procedure either impaired insulin sensitivity or had no effect in either GH-deficient df/df or GH-resistant Laron dwarf mice (Menon et al. 2014; Masternak et al. 2012 ). This shows an important role of visceral fat, known as "bad" metabolic fat, in maintaining healthy glucose level and high insulin sensitivity in these long-living mutants. It also suggests that suppression of GH signaling significantly alters the function of adipose tissue on improved insulin sensitivity, and this may be mediated via effects on adipose tissue glucose uptake. Our previous findings indicated enhanced insulin-stimulated IR and IRS1 phosphorylation in adipose tissue of df/df mice suggesting more efficient activation of insulin signaling pathway at cellular levels in adipose tissue. This enhanced insulin signaling pathway is necessary to maintain a healthy glucose level with a chronically suppressed level of insulin in df/df mice. The most surprising observation was that rates of brain glucose uptake were reduced in df/df mice. Typically, reduced glucose levels in the brain are associated with increased hepatic glucose production and decreased muscle and adipose glucose uptake, neither of which are observed in df/df mice. Furthermore, decreased brain glucose availability is also associated with cognitive deficiencies, but df/df mice actually maintain cognitive function longer than control mice (Kinney et al. 2001) . Thus, the mechanism and consequences of decreased brain glucose uptake in df/df mice remain to be explored. However, we could speculate that this phenomenon represents an adaptation to low glucose levels in df/df animals. Importantly, whole-body insulin Fig. 3 EndoRa during basal conditions (black bars) and during insulin clamps (white bars) in normal (N) and Ames dwarf (df/df) mice sensitivity does not need to be supported by increased insulin signaling action in all insulin target organs. It could provide the evidence that some blockade or suppression of the cellular signal may be beneficial for health and aging as well as enhancement of the same signal. It was reported that over-expression of Klotho gene extends longevity of mice but at the same time produces insulin resistance (Kurosu et al. 2005 ; Kuro-o Fig. 4 Glucose metabolic index (Rg) in soleus (a), gastrocnemius (b), superficial vastus lateralis (c), fat (d), heart (e), and brain (e) during insulin clamps in normal (N) and Ames dwarf (df/df) mice. n=8 mice per genotype. *P<0.05 et al. 1997) . Similarly, rapamycin treatment extends longevity and suppresses rather than increases insulin sensitivity and glucose tolerance indicating that suppression of insulin signaling or parts of the signal can be also beneficial at some stages of life for healthy aging (Fang and Bartke 2013; Kurosu et al. 2005; Kuro-o et al. 1997; Bartke 2006) . We speculate that the adaptation to low glucose uptake in df/df brain could resemble the condition present during CR or starvation which may be necessary to preserve the healthy function of the brain during long life and aging. In summary, hyperinsulinemic-euglycemic clamp studies demonstrate improved insulin sensitivity in long-living Ames dwarf mice. This effect is mediated via effects on hepatic, muscle, and adipose tissue insulin action. These functional data correlate with our previous findings showing enhanced insulin signaling in these insulin-sensitive tissues (Masternak et al. 2004 (Masternak et al. , 2005 (Masternak et al. , 2009 Wang et al. 2006; Panici et al. 2010; Louis et al. 2010; Menon et al. 2014) . Taken together, our results suggest that enhanced insulin sensitivity in multiple organ systems and the subsequent improvement in overall metabolic status may contribute to the extended lifespan of Ames dwarf mice (Menon et al. 2014; Bartke and Westbrook 2012; Westbrook et al. 2009 Westbrook et al. , 2014 .
Materials and methods

Animals
Ames dwarf and normal controls were provided from NIA Aged Rodent Colonies (http://www.nia.nih.gov/ research/dab/aged-rodent-colonies-handbook) at the age of 12 months. N and df/df males and females were subjected to clamp study (n=4/sex/genotype).
Hyperinsulinemic-euglycemic clamp N and df/df mice were surgically implanted with a catheter in the right jugular vein for infusions as previously described (Ayala et al. 2006 ). Due to their small size and difficulty of the surgery, a catheter was not inserted into the carotid artery for sampling. Instead, blood samples were obtained during the clamp in unrestrained mice via the tip of the tail. Following a 5-day recovery from the surgery, mice were fasted for 5 h prior to the onset of a hyperinsulinemic-euglycemic clamp at t=0 min. At t=−90 min, mice received a primed, continuous infusion of HPLC-purified [3- 3 H]glucose (1 μCi prime, 0.05 μCi/min continuous) during a 90 min equilibration period. Blood samples were taken at −15 min (25 μl) and −5 min (50 μl) for measurements of fasting glucose, insulin, and plasma [3- ) and a variable glucose infusion was begun. Blood glucose was measured every 10 min (Accu-Chek Aviva, 1 μl samples), and the rate of glucose infusion was adjusted accordingly to maintain euglycemia (∼160 mg·dL −1
). Blood samples were obtained at t=80, 90, 100, 110, and 120 min (50 μl) for measurements of steady-state clamp glucose and plasma [3- 
Calculations
Rates of glucose appearance (Ra) and disappearance (Rd) were calculated using Steele's non-steady-state equations (Debodo et al. 1963; Steele et al. 1956 ). The rate of endogenous glucose appearance (endoRa) was determined by subtracting the glucose infusion rate from the Ra. The glucose metabolic index (Rg), an index of glucose uptake, was calculated as previously described (Ayala et al. 2008) . Rg was normalized to tissue weight.
Statistical analysis
One-tailed t test was performed between the groups followed by F-statistics. All statistical tests were conducted using Prism 5.04 (GraphPad Software, San Diego, CA). Alpha is set to 0.05. All values are reported as mean ± standard error of the mean (SEM) throughout the text and figures.
